Background: Residents of Massachusetts and Rhode Island were exposed to tetrachloroethylene (PCE)-contaminated drinking water from 1968 through the early 1990s when the solvent was used to apply a vinyl liner to drinking water mains to address taste and odor problems. Few studies have examined the risk of fetal death among women exposed to solvent-contaminated drinking water. Two previous investigations found moderate increases in the risk of stillbirth among highly exposed women; however, these results were based on a small number of cases. The present case-control study was undertaken to examine further this association with a large number of stillbirths. Methods: Cases were comprised of stillborn infants delivered between 1968 and 1995 to mothers who resided in 28 Massachusetts and Rhode Island cities and towns with some affected water mains (N = 296). Cases were included if the cause of death was placental abruption and/or placental insufficiency. Controls were randomly selected live-born infants who were delivered in the same time period and geographic area (N = 783). Data on confounding variables were gathered from vital records and questionnaires. PCE exposure was estimated using a leaching and transport model integrated into water system software. Results: Mothers with any PCE exposure had a 1.7-fold increase in the adjusted odds of placenta-related stillbirth (95% CI: 1.2-2.4). The adjusted odds ratio (OR) increased as a woman's exposure level increased: in comparison to unexposed mothers, ORs were 1.5 (95% CI: 1.0-2.3) for low exposure (> 0-median), 1.7 (95% CI: 1.1-2.5) for moderate exposure (>median-90th percentile) and 1.9 (95% CI: 1.1-3.2) for high exposure (>90th percentile) (p value for trend = 0.02). A similar pattern was observed when PCE exposure was dichotomized at 40 μg/L, the suggested action guideline for remediation (OR = 1.5, 95% CI: 1.1-2.2 and OR = 2.6, 95% CI: 1.4-4.8, respectively, for PCE exposure <=40 μg/L and > 40 μg/L) (p value for trend = .003). Conclusions: We observed a linear dose-dependent increase in the odds of stillbirth due to placental abruption and placental insufficiency with prenatal exposure to PCE contaminated drinking water. Because PCE remains a common drinking water contaminant, these findings highlight the importance of considering pregnant women when monitoring, regulating and remediating drinking water supplies.
Background
Tetrachloroethylene (also called perchloroethylene, perc or PCE) is a solvent commonly used in textile processing, metal degreasing, and dry cleaning [1] . The primary exposure routes in community settings are vapor inhalation from dry-cleaned fabrics [2] and contaminated soil [1] , and ingestion of contaminated water [1] . The latest drinking water assessment from the US Geological Survey detected PCE in 7% of surface water samples and 24% of groundwater samples, making it a common drinking water contaminant in the United States [3] .
While improper waste disposal is the typical source of PCE water contamination [1] , residents of Massachusetts and Rhode Island were exposed to PCE-contaminated drinking water from 1968 through the early 1990s when local water departments installed vinyl-lined (VL) asbestos cement (AC) water mains. The vinyl liner was sprayed onto the inner pipe surface in a slurry of vinyl toluene resin and PCE to address taste and odor problems. VLAC pipes were shipped to the water departments for installation after drying for 48 h [4] . Because PCE is volatile, it was assumed that most would evaporate before the pipes were installed. However, water samples taken by state officials in 1980 revealed that PCE had persisted in the liner and had leached into the public drinking water supplies [5] . State surveys revealed that hundreds of miles of VLAC pipes had been installed throughout New England, mainly in Massachusetts (MA) and Rhode Island (RI) [6] .
Because the lined pipes were used to replace existing pipe and to extend the water system as the resident population grew, the pattern of PCE contamination was irregular. Adjacent streets and even adjacent houses had different pipes and contaminant levels, leading to a natural experiment reminiscent of John Snow's cholera investigation in 1854 London [7] . The contamination pattern also led to a wide range of exposure levels. In 1980 PCE levels in MA water monitoring samples ranged from 1.5 to 80 μg/l in medium and high-flow pipes and 1600 to 7750 μg/l in low-flow pipes [4] . Levels in RI monitoring samples from eleven systems had levels that exceeded the 1980 EPA suggested no adverse response level (SNARL) of 40 μg/L [8] . Remediation to achieve water levels below 40 μg/L was subsequently instituted mainly using bleeder valves and regular line flushing [4] . The current maximum contaminant level is 5 μg/L and reported levels in MA and RI are now below this level [9, 10] .
Although PCE is considered "probably carcinogenic" to humans [11] and neurotoxic [1] , its effects on reproduction, particularly fetal death, are less understood. Animal experiments suggest a harmful effect of prenatal exposure to PCE and the closely related solvent trichloroethylene (TCE) on offspring viability in rats, chicks, and rabbits [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Epidemiological studies of women with occupational exposure to dry cleaning solvents have also observed positive associations for pregnancy loss [22, 23] . However, only a few studies have examined fetal deaths among women exposed in community settings via contaminated drinking water [24] [25] [26] [27] [28] . Two of these studies found increases in the risk of fetal death among highly exposed women, but the results were based on a small number of cases [26, 28] . In particular, a cross-sectional study in Woburn, MA with 19 fetal deaths found that women highly exposed to well water contaminated with PCE and several other chemicals had a 2.6-fold increased risk fetal death (95% CI: 0.7-8.9) [26] . Our retrospective cohort study in Cape Cod, MA with 27 fetal deaths found that women with high levels of prenatal PCE exposure had 2.4 times the risk of stillbirth at > = 27 weeks' gestation (95% CI: 1.0-5.6) and 1.4 times the risk of placental abruption (95% CI:0.7-2.7), a common cause of stillbirth [28] . The present case-control study was undertaken to examine further the association between PCE-contaminated drinking water and the risk of placenta-related stillbirth with a large number of cases from MA and RI.
Methods

Selection of study population
Cases were comprised of stillborn infants who were delivered from 1968 through 1995 to residents of 24 MA and four RI cities and towns with some VLAC water pipes. Approximately 480 miles of VLAC pipes were installed in these towns, representing approximately 63% of the VLAC pipes in the two states. The remaining RI and MA towns with VLAC pipes were excluded from the present study because they had few VLAC pipes, lacked documentation on the locations and dates of VLAC pipe installation (precluding our ability to conduct exposure assessments), and/or small resident populations. Available water sampling data indicated that PCE contamination persisted in public water supplies of selected towns through the 1990s because the target level for remediation was 40 μg/L [29] .
Cases were identified by manually reviewing cause of death information recorded in approximately 1900 fetal death certificates from residents of selected cities and towns. MA certificates are required for stillborn fetuses at or after 20 weeks' gestation and/or weighing > = 350 g, while RI certificates are required for stillbirths after 20 weeks' gestation, irrespective of fetal weight. Because the causes of stillbirth are quite heterogeneous (including maternal diseases, umbilical cord accidents, congenital anomalies and placental disorders) [30] , etiological research examining all stillbirths as a combined outcome likely results in substantial outcome misclassification. Therefore, we selected only stillbirths whose cause of death information listed "placental abruption" and/or "placental insufficiency." These related conditions were chosen because we previously found an association between PCE exposure and placental dysfunction in our prior retrospective cohort study [28] . A total of 305 placenta-related stillbirths were identified during the ascertainment period; 301 remained after excluding four duplicate stillbirths.
Liveborn controls were randomly selected from birth records of infants born during the same time period to residents of the same MA and RI cities and towns as the cases. The control selection process was stratified by state and year so that the number of controls selected from each state was proportional to the number of births in the study towns across the long case ascertainment period (i.e. 45% for RI and 55% for MA). A total of 800 controls were targeted for selection; 794 remained after excluding duplicate subjects.
Questionnaire and vital record data collection
Fetal death and livebirth certificates and computerized vital record data were abstracted to obtain parents' and infants' names; maternal address at delivery; infant's date of birth; maternal and paternal age, race, and educational level; maternal pregnancy history; date of last menstrual period; prenatal care information and gestational age.
Mothers were also traced using Internet-based resources and sent self-administered questionnaires. Overall, 18% of case mothers and 7% of control mothers were found to be deceased. We successfully located 72 and 88% of living case and control mothers, respectively, and, of these, 35% of case mothers and 32% of control mothers returned the questionnaire after two mail and one telephone reminder. The purpose of the questionnaire was to augment vital records data on confounding variables and obtain information on water source.
When we compared the demographic characteristics of questionnaire respondents and non-respondents, we found that the two groups were similar with respect to PCE exposure status, race, educational level, and parity. While respondents were more likely to reside in Massachusetts (73% of respondents versus 49% of non-respondents), be older at delivery (median age was 28.2 for respondents and 26.7 for non-respondents), and begin prenatal care in the first trimester (90.7% for respondents and 84.6% for non-respondents), these differences were present for both case and control mothers who returned our study questionnaire.
Geocoding of residential addresses
Residential addresses at birth as recorded in the vital records were geocoded to a latitude and longitude using ArcGIS (10.0, ESRI, Redlands, CA). Prenatal addresses of questionnaire respondents who lived at a different address during the first trimester were also geocoded (N = 41). Whenever possible, each address was assigned to a parcel of land. Addresses that could not be geocoded to the parcel matching the address were geocoded to the closest parcel address by street number. When the street number was unavailable (N = 6), the address was geocoded to the middle of the street when the street was less than a mile long and to the intersection of the address with the cross-street when the street was a mile or longer. Overall 98.5% of the addresses were successfully geocoded. All geocoding was conducted without knowledge of case/control status.
PCE exposure assessment
Because historical water sampling data were sparse, we used a leaching and transport model to assess a woman's PCE exposure. The model, which was developed by Webler and Brown for our epidemiological research [31, 32] , estimated the mass of PCE delivered to each residence during the birth year as well as the first and second trimester year. Results from a prior validation study indicate good correlation between our modeled exposure estimates and PCE concentrations in historical water samples from Cape Cod (Spearman correlation coefficient (ρ) = 0.65, p < 0.00010 [33] .
The mass of PCE entering the drinking water was estimated using the initial amount of PCE in the pipe liner, the pipe's age, the leaching rate of PCE from the liner into the water, and the water flow rate through the pipe. The pipe's initial stock of PCE was based on the pipe dimensions, and information from the manufacturers on the application of the liner. The leaching rate of PCE, which declines with time, was determined by Demond [4] . The estimate of the magnitude and direction of the water flow is a function of the configuration of the water distribution system and number of water users. We estimated water flow and direction by incorporating the Webler and Brown algorithm into the open source code of water distribution system modeling software (EPANET) developed by the US EPA [34] . Initially designed for water quality monitoring programs, EPANET software has been used in several epidemiological studies of drinking water contaminants "e.g. [35] ".
Using GIS maps of geocoded birth residences and the study towns' water distribution systems, we created a schematic for each town depicting the locations of the water sources and pipes (with information on their length, diameter and composition), and points along the pipe indicating where water consumption occurred. We assigned each birth residence to the closest consumption point on the distribution system. The model simulated the instantaneous flow of water through each system's pipe network and estimated the mass of PCE in grams delivered to each subject's residence during the birth year. Because only pipe installation years were known, it was not possible to obtain monthly exposure estimates. Instead, we estimated average monthly PCE exposure level during the birth year by taking 1/12th of the annual mass of PCE that entered an exposed residence during that year. All questionnaire respondents who report using a private well for their prenatal water supply (n = 22) were considered unexposed. Bottled water use was rarely reported by questionnaire respondents (n = 24) and not considered a source of PCE exposure.
Data analysis
The primary analysis of associations between stillbirth and PCE exposure first compared mothers who were ever exposed to PCE-contaminated drinking water during the birth year to unexposed mothers. Next, we examined four exposure levels based on the distribution of PCE exposure in control subjects. Low exposure was defined as less than or equal to the median exposure value, moderate exposure was defined as above the median exposure value through the 90th percentile and high exposure was defined as above the 90th percentile. We also dichotomized the average monthly exposure during the birth year at the level corresponding to an average drinking water concentration of 40 μg/L, the suggested action guideline for remediation when the PCE contamination was discovered. To assess the possibility of a non-linear relationship between PCE exposure and stillbirth, we also fit restricted cubic splines. Splines were truncated at the 99th percentile of PCE exposure due to the highly right-skewed distribution. Lastly, we conducted sensitivity analyses to examine exposure during the calendar year of the first and second trimesters and take into account respondents who reported moving during the pregnancy. The referent group for all analyses was always comprised of unexposed mothers.
The strength of the association between PCE exposure and the occurrence of stillbirth was estimated with odds ratios (OR) and statistical stability was evaluated with 95% confidence intervals (CI). We examined all stillbirths combined and stillbirths due to placental abruption and placental insufficiency separately. Cases who had both conditions listed on the fetal death certificate contributed to each subgroup.
Multiple logistic regression models were used to estimate ORs while controlling for confounding variables. We selected potential confounders from those available in the vital records and self-administered questionnaires based on a literature review and construction of a directed acyclic graph; see Table 1 for variables that were considered. Multiple imputation was used to obtain values of potential confounders with missing data. Missingness for potential confounders ranged from 0% (e.g., state, delivery year) to 76% (e.g., maternal occupational exposure to solvents). Twenty imputed data sets were generated using the fully conditional specification (FCS) multiple imputation method based on 27 variables, including PCE exposure and case/control status. Point and variance estimates from the imputed data sets were subsequently combined and used in adjusted analyses. State of birth (MA, RI), delivery year (1968-1978, 1979-1988, 1989-1995) and prenatal exposure to smoking (yes, no) were included in the final logistic regression models based on a priori considerations. Additional variables that changed the crude association between stillbirths and PCE exposure by > = 5% were also included in the final models; these variables were paternal educational level (less than high school, high school graduate, some college, college graduate) and receipt of prenatal care during the first trimester (yes, no). Even though many remaining variables were associated with case-control status, they were not associated with the exposure and, therefore, did not confound the associations under study. All statistical analyses were conducted using SAS 9.4 (SAS Institute, Cary North Carolina).
Results
The current analysis includes 296 cases and 783 controls. Five cases and 11 controls were excluded because their residential information was insufficient for geocoding. As shown in Table 1 , demographic characteristics of case and control mothers, including state of residence, age at delivery, and race were similar. However, there were several differences between the groups, including a higher proportion of case mothers (and their partners) who were college graduates, received prenatal care during the first trimester, had prior livebirths, prior pregnancy losses, and smoked cigarettes. A higher proportion of case vs. control mothers delivered during the early years of the exposure period but fewer case mothers consumed alcoholic beverages during pregnancy.
Overall, 75.7% of case and 69.6% of control mothers had some PCE exposure during the birth year. Both exposed case and control mothers had a wide range of exposure levels spanning several orders of magnitude but exposure levels were higher among exposed case mothers (Table 2) . For example, the median level was 9.99 × 10 − 3 g among exposed case mothers versus 5.40 × 10 − 3 g among exposed control mothers. Mothers with any PCE exposure during the delivery year had a 1.4-fold increase in the crude odds of stillbirth (95% CI: 1.0-1.8) that rose to 1.7 (95% CI: 1.2-2.4) when confounders were controlled (Table 3) . Adjusted odds ratios increased in a dose-dependent fashion from 1.5 (95% CI: 1.0-2.3) for low exposure (> 0-median) to 1.7 (95% CI: 1.1-2.5) for moderate exposure (>med-ian-90th percentile) and 1.9 (95% CI: 1.1-3.2) for high exposure (>90th percentile) (p value for trend 0.02). A similar pattern was observed when PCE exposure was dichotomized at 40 μg/L. Adjusted odds ratios were 1.5 (95% CI: 1.1-2.2) and 2.6 (95% CI: 1.4-4.8), respectively, for PCE exposure up to and over the 40 μg/L action level (p value for trend = 0.003). The results of the restricted cubic spline regression supported a linear dose-response relationship.
No meaningful changes in these findings were observed in sensitivity analyses using first and second trimester exposure levels or accounting for maternal changes in residence (data not shown). Similar dose-dependent increases in odds ratios were present for stillbirths due to placental abruption and placental insufficiency (Table 3) .
Discussion
The present study has found evidence that pregnant women exposed to PCE-contaminated drinking water have a dose-dependent increase in the odds of stillbirth due to placental abruption and placental insufficiency. These findings are consistent with animal experiments suggesting that PCE and TCE cause species-specific increases in embryotoxicity. Increased rates of resorbed implants and fetuses have been observed in studies of pregnant rats, Leghorn chickens, and rabbits but not mice [12] [13] [14] [15] [16] [18] [19] [20] [21] . These findings are supported by experimental evidence in pregnant mice that PCE and its metabolite trichloroacetic acid accumulate in amniotic fluid and fetal tissues following inhalation exposure [36] . Numerous occupational studies with specific exposure definitions, such as dry cleaning work, have observed an increased risk of pregnancy loss "e.g., [37] [38] [39] [40] [41] [42] [43] ". Other occupational studies also have found positive associations between maternal occupational exposure to solvent mixtures and the risk of pregnancy loss "e.g., [22, 23] ". However, results are difficult to interpret because many types of solvents and jobs were included in the exposed group. Cut point for 40 μg/l was 1.14 g
Previous reports of pregnancy loss following exposure to contaminated drinking water have mixed results. In New Jersey, no association was reported in a cross-sectional study of town-level PCE or trichloroethylene (TCE) and fetal loss occurring at > = 20 weeks' gestation where maximum monthly exposure levels were 55 ppb for TCE and 26 ppb for PCE [25] . Another cross-sectional study of Woburn, MA residents also found no increase in the risk of spontaneous abortion among women exposed to well water contaminated with PCE (21 ppb), TCE (276 ppb) and several other chemicals (e.g. chloroform, 12 ppb) [24] . Woburn study investigators obtained data on spontaneous abortions from subject interviews, and estimated prenatal exposure to the contaminated wells using a water distribution model. Stillbirths were not examined as a separate outcome in this study.
In contrast, a follow-up study in Woburn found a 1.8-fold increased risk of fetal death at > = 20 weeks' gestation among residents with any exposure during pregnancy (95% CI: 0.4-6.6), and a 2.6-fold increased risk of fetal deaths (95% CI: 0.7-8.9) among women highly exposed during pregnancy (>90th percentile) [26, 44] . Vital record reports of fetal deaths and a more sensitive exposure assessment model were used in the follow-up study.
Our retrospective cohort study from Cape Cod MA examined associations of prenatal PCE exposure from the VLAC pipes and pregnancy loss. Initial analyses found no association for first trimester loss and second and third trimester loss combined [27] ; however, a subsequent analysis focused on placental dysfunction disorders found that pregnancies with PCE exposure > = the median had 2.4 times the risk of stillbirth at > = 27 weeks' gestation (95% CI: 1.0-5.6) and 1.4 times the risk of placental abruption (95% CI: 0.7-2.7) [28] . Both the Woburn and Cape Cod study results were statistically unstable because analyses were based on 19 and 27 fetal deaths, respectively. Only two stillbirth cases in our prior cohort analysis of placental dysfunction disorders were selected for the current casecontrol study; the small degree of overlap between the two studies was likely due to design differences, including geographic area, time period and method of case ascertainment. Exclusion of these two cases did not alter the results.
The current study has numerous strengths, including a relatively large sample size, wide range of exposure levels, and lack of recall bias through the use of vital records for identifying stillbirth cases and independent exposure assessments. However, the findings are likely affected by exposure misclassification. Because historical exposure measurements were unavailable, we estimated the mass of PCE delivered to each residence during the birth year using an exposure model with numerous assumptions [31] . Furthermore, a relatively small proportion of mothers completed questionnaire on water consumption and bathing habits during pregnancy, and so we could not incorporate behavioral data into our exposure assessments. However, a previous analysis that included this information in the PCE model did not meaningfully change subjects' exposure classification [45] .
Even though results from a prior validation study indicate good correlation between our modeled exposure estimates and PCE concentrations in historical water samples from Cape Cod (Spearman correlation coefficient (ρ) = 0.65, p < 0.00010 [33] , non-differential exposure misclassification likely attenuated the associations observed in the highest category. We were unable to identify a sufficient number of reliable historical water samples from other communities in the present study and so could not conduct a validation study in a wider geographic area.
Our primary analysis examined PCE exposure during the birth year because we considered it the most relevant exposure window for the stillbirths under study. Nevertheless, the results were unchanged in sensitivity analyses using either first or second trimester exposure windows and accounting for changes in maternal residence during pregnancy. This was not surprising given that PCE exposure level during the birth year was highly correlated with that of the first and second trimesters (Pearson correlation coefficients comparing 0.94 and 0.95 respectively, p < 0.001) and that a small number of mothers reported moving during pregnancy.
Since VLAC pipes were used to replace existing pipes and extend the water distribution system to accommodate population growth, the exposure distribution was irregular. Consequently, there was little confounding even though several variables were associated with case-control status. The low questionnaire response rate necessitated the use of multiple imputation procedures to fill in missing values on confounders; however, these procedures are considered the most valid method for handling this problem [46] . Nevertheless, we cannot rule out the possibility that residual confounding due to unmeasured or poorly measured confounding variables impacted the results.
Selection bias was unlikely during subject ascertainment because we were unaware of a woman's exposure status when we identified the cases and controls. While the questionnaire response rate was low, women who chose not to respond to our survey were similar to women who did respond with respect to PCE exposure status, race, and parity. Non-respondents were more likely to reside in Rhode Island and be younger at delivery, and less likely to have a college education and begin prenatal care in the first trimester. These differences were present for non-respondent cases and controls and so should not have biased the questionnaire data. Furthermore, the associations between PCE exposure and stillbirth were examined in the entire study population, irrespective of respondent status.
Because we investigated stillbirths occurring at 20 weeks' gestation or later, it is possible that a differential loss of pregnancies before this point may have led us to underestimate the true effect of PCE exposure. Such a 'competing mortality' bias could exist if the pregnancies most susceptible to PCE-induced stillbirths were not included in our analysis because they were more likely to be spontaneously aborted earlier in pregnancy. Previous findings from this cohort, however, suggest that prenatal PCE exposure is not associated with early pregnancy loss [27] .
In summary, we observed a dose-dependent increase in the odds of stillbirth due to placental abruption and placental insufficiency among pregnant women exposed to PCE contaminated drinking water. While PCE contamination from old VLAC pipes is no longer a problem in Massachusetts and Rhode Island (10, 29) , the solvent continues to be a common contaminant of public drinking water supplies in the U.S. because of improperly managed waste disposal [1] . Thus, these findings highlight the importance of considering pregnant women and their developing fetuses when monitoring, regulating, and remediating drinking water supplies. 
